The charge ordering of CE phase in half-doped manganites is studied, based on an argument that the charge ordering is caused by the Jahn-Teller distortions of MnO 6 octahedra rather than Coulomb repulsion between electrons. The quantitative calculation on the ferromagnetic zigzag chain as the basic structure unit of the CE phase using a two-orbital model is performed, and it is shown that the charge disproportion of Mn cations in the charge-ordered CE phase is less than 13%. In addition, we predict the negative charge-disproportion once the Jahn-Teller effect is weak enough.
Manganites as typical strongly correlated electron systems have been extensively studied over the last decade because of the observed colossal magnetoresistance effect ͑CMR͒. The appearance of various phases in manganites upon the change of doping, temperature and applied external field is repeatedly confirmed, and the abundant physical phenomena associated with phase separation ͑PS͒ of manganites reserve special motivation for fundamental and applied research activities. 1 Here, we focus on the microscopic mechanism for the fairly complex CE phase in half-doped manganites ͑with the general chemical formula R 1/2 A 1/2 MnO 3 , where R and A are rare-and alkaline-earth cations, respectively͒. This topic is still under discussion, although quite a lot of effort has been made so far. 2, 3 In the conventional viewpoint, charge ordering ͑CO͒ in manganites means an ordered arrangement of Mn 3+ /Mn 4+ cations in some special doping density, e.g., divalent doping x =1/2, 1/3, and 1/4. The CE phase at x =1/2 has equal amount of Mn 3+ /Mn 4+ aligned in a checkerboard pattern in x-y plane ͓Fig. 1͑a͔͒, with charges stacked along the z axis ͓Fig. 1͑b͔͒. 4, 5 The prominent microscopic character of the CE phase is the appearance of CO ͑Ref. 6͒ and ferromagnetic ͑FM͒ zigzag stripes ͓Fig. 1͑a͔͒, 7 which is believed to be the effect of the competition among various interactions. Theoretical 8 and experimental 9 evidence available so far allows us to argue that the above scenario is oversimplified, and our conventional understanding of the CO in mixedvalent oxides, e.g., Fe 3 Fig. 1͑d͒ . Therefore, the CE phase is orbital ordering ͑OO͒, and charges are homogeneously distributed ͑each site no matter the corner or bridge one has 1/2 electron and thus ␦ =0͒. However, this model predicts significant charge disproportion when Coulomb interaction U between electrons on different orbitals of the same site is taken into account. On the bridge site, one orbital is always empty, and the Coulomb repulsion is ineffective. On the corner site, however, both orbitals are partially occupied, so that the charge is pushed away from the correlated corner sites to the uncorrelated bridge sites, causing the CO state. In this model, factor ␦ increases monotonously with U and approaches its maximum limit 18.5% as U → ϱ. A subsequent investigation 13 studied the CO and OO in the CE phase, considering more complex interactions such as Coulomb interaction between electrons on nearest-neighbor ͑NN͒ sites and Jahn-Teller ͑JT͒ distortions.
However, the above claimed essential role of the Coulomb repulsion in causing CO remains specious. First, the spatial charge-disproportion leads to an additional Coulomb contribution to the total energy. In order to take into account this additional Coulomb contribution, one may consider the following Hamiltonian:
where U i Ͼ 0 is the Coulomb energy factor and n i is the charge occupancy on site i. Here only the most prominent on-site Coulomb interaction is summed and the weaker intersite items are neglected. If the Coulomb energy factor is homogeneous over the whole lattice, i.e., U i ϵ UЈ, the charge distribution should be homogeneous ͑with equal n i at all sites͒ in order to lower the electrostatic energy, which is contrary to the viewpoint that charge disproportion is caused by Coulomb interaction. For nanoscale PS in manganites, the Coulomb interaction has the same effect so that the sizes of PS clusters with different charge densities are limited in nanometer scale. 1 Even so, the above discussion is still preliminary because the assumption of U i ϵ UЈ may be imprecise. If U i is affected by the charge distribution on each site, the idea that the Coulomb interaction induces CO seems reasonable. This idea was once considered by Brink et al., who investigated the Hamiltonian H C = U͚ ␣Ͻ␤,i n i,␣ n i,␤ ͑␣ / ␤ is the orbital index͒. In their model the Coulomb interaction in corner site ͑U c ͒ and bridge site ͑U b ͒ is quite different, with U c ϳ U and U b = 0. However, it was already argued that the factor U required for generating such a CO state is so strong that the CE phase will be destroyed.
14 Besides, the chargestacked structure along the z axis is also contrary to the explanation that the CO state is based on Coulomb interaction. 1, 15 Consequently, the idea that the Coulomb interaction induces charge-disproportion in the CE phase is somehow misleading.
Here we adopt the mechanism for the CO in the CE phase: JT distortions as the main origin to cause the CO. In the common knowledge, the coupling of JT phonons with e g electrons is significant in the physics of manganites, 16 especially in CO phase. 17 For metallic manganites, the lattice distortions are absent and e g electrons are delocalized. Consequently, the charge density is homogeneous. However, for the strong JT distortion case, CO states are often stable, 18 which evidences the strong dependence of CO states on the JT distortion. 17 The direct consequence of the JT distortions is to split the two-fold degenerate e g energy level into two orbitals: a ͑higher energy͒ and b ͑lower energy͒, as shown in Fig. 2͑a͒. The energy difference between a and b is E JT . In fact, this JT-induced CO scenario has been well accepted and is still under active investigation. 15, [19] [20] [21] [22] We employ a toy two orbital model including kinetic energy and the JT effect to study the CO behaviors in the CE phase. The detail of the calculation is similar to earlier ones. 1, 12 A FM zigzag chain with four sequential sites is considered as a periodic structure unit of CE phase ͓Fig. 1͑c͔͒, with Bloch phase factor e ikr added to the wave functions of e g electrons. 23 The basic vectors are the original wave functions of orbitals a and b on the four sites. Simplifying the JT distortions to a static effect of e g level split, one has the Hamiltonian of the e g electrons:
where c i␣ + / c j␤ creates/annihilates an electron on site i / j in orbital ␣ / ␤ and ͗i , j͘ denotes a NN pair; t ␣␤ d is the hopping integral of orbitals ␤ to ␣ along direction d ͓Fig. 2͑b͔͒. The hopping of e g electron is constrained along the FM zigzag chain in the x-y plane. n is the number operator; Here E JT is the amplitude of JT electron-phonon coupling. It is known the values of t ␣␤ d are
We use t 0 as the energy unit, so the total Hamiltonian and wave functions can be expressed as We diagonalize this Hamiltonian exactly and the eigenenergy is shown in Fig. 3 . The results at E JT = 0 are the same as the ones reported earlier. 1, 12 However, for E JT Ͼ 0, e.g., E JT = 3.8t 0 , the energy bands show quite different pattern referring to the case of E JT = 0. The two lowest and fully filled bands become lower, and the two high empty bands become higher. The middle band, which is four-fold degenerate at E JT = 0, splits into four branches.
Besides the energy band, we also calculate the charge distribution in the FM zigzag chain. In the ground state, e g electrons fully occupy the two lowest energy bands. The charge occupancy of orbital a / b in corner/bridge site can be obtained by integrating the eigenwave functions of the two occupied bands. Figure 4͑a͒ shows the charge occupancy as a function of E JT in each orbital/site. From Fig. 4͑a͒ , we can evaluate ͑1͒ the average probabilities n oa ͑so as n ob ͒ over all sites to find an electron in each orbital a ͑so as b͒, as shown in Fig. 4͑b͒ ; ͑2͒ the charge distribution n b / n c in bridge/corner site, as shown in Fig. 4͑c͒ . Then the charge disproportion ␦ = n b − n c as a function of E JT is depicted in Fig. 4͑d͒ .
Then the E JT dependence of the charge occupancy and disproportion is partitioned into three regions for analysis. The first region refers to the small E JT case, i.e., E JT / t 0 ͓0,1͔. As E JT =0, e g electrons prefer orbital a rather than orbital b ͑n oa Ͼ n ob ͒ because of kinetic energy ͑t aa =3t bb both in x and y directions͒, and charge is homogeneous at corner and bridge sites ͑␦ =0͒. The occupancy of orbital a decreases with increasing E JT from zero, leading to n oa Ͻ n ob at a threshold E JT / t 0 Ϸ 0.65. What is interesting here is that a negative ␦ appears within E JT / t 0 ᮀ ͓0,1͔ due to the even larger charge density at the corner site than that at the bridge site ͑n c Ͼ n b ͒, although the absolute value of ␦ is no more than 2%. In the second region where E JT / t 0 ͓1 , 3.8͔, n b is always larger than n c , and ␦ increases monotonously with E JT . It is identified that ␦ reaches its maximum value 12.7% at E JT = 3.8t 0 . For a reference, experiment of x-ray resonant scattering on Nd 0.5 Sr 0.5 MnO 3 single crystal gave a value of ␦ = 16%. 8 Quite good consistency between the calculation and experiment is shown, and the small difference between them can be smeared by considering more delicate interactions appearing in real material systems. Due to the large JT split of e g energy, e g electrons prefer the lower energy orbitals b rather than the higher energy orbitals a, and the value of ͑n ob − n oa ͒ also increases monotonously with E JT . In the last region where E JT / t 0 Ͼ 3.8, orbital a becomes almost empty with a half-filled orbital b. The kinetic energy is seriously suppressed since there is only approximative one orbital degree of freedom, so the factor ␦ decreases with E JT slowly. Here the factor ␦ is far smaller than the conventionally expected value, so the present study provides a revised CO scenario.
At the beginning, it has been proved that the orbital distribution is ordered, originating from the geometry asymmetry of bridge and corner and hopping term in the Hamiltonian ͑2͒, shown as Figs. 4͑a͒-4͑c͒. 12 The diagonal JT elements in the Hamiltonian will break the symmetry in energy of orbital a and b: suppression of orbital a and preference of orbital b. Due to the difference of orbital distribution between the corner and bridge sites, the influence of the JT distortion on these two sites is quantitatively different, which causes the charge disproportion, or the so-called CO state. In short, the off-diagonal hopping induces OO in the geometry asymmetry chain; and on that premise, the diagonal JT induces CO.
At last, some more discussion will be given on our model itself. First, the kinetic energy gain unit t 0 is also correlated with the JT distortion, because the hopping of e g electron strongly depends on the Mn-O-Mn bonds. The hopping of the e g electron is restrained in the strong distortion case ͑large E JT ͒, and corresponding t 0 is smaller than the normal situation. So here E JT ϳ 3-4t 0 is still acceptable, referring to the large U / t 0 taken in Ref. 12 , which will destroy the stability of the CE phase, as observed by Shen. 14 Second, the JT distortion is uniform in our toy model, which is an assumption, but the remainder covers the main physics. The JT distortion used in our model ͑prolong the lattices along the z axis͒ can reduce the Coulomb repulsion caused by charge stacked along the z axis. Besides, the calculation is also performed in the case of compression of the z axis ͑negative E JT ͒ and the CO also exists with ␦ ϳ 7 % -9% in a large range of E JT . However, this ␦ is a little small and this E JT Ͻ 0 mode of distortion will cost the Coulomb repulsion of charge stacked along the z axis. So it may not be the priority in the real case. Third, The additional Coulomb contribution in the x-y plane caused by nonzero ␦ can be evaluated using Eq. ͑1͒ at doping level x =1/2:⌬H C ϳ UЈ͕͓͑1+␦͒ /2͔ 2 24 And whether magnetite is a true incomplete charge disproportion or a classical complete charge disproportion remains unclear, so this result needs further confirmation. 10 In summary, the effect of Jahn-Teller distortion on the charge-ordering in the CE phase of manganites has been investigated. It has been revealed that the Coulomb interaction prefers a homogeneous charge distribution rather than the charge-ordering state. The detailed calculation on energy bands and eigenstates of e g electrons has demonstrated that the Jahn-Teller distortion is responsible for the chargeordering behaviors, with no more than 13% charge disproportion.
